Sol-gel derived Pb(Mg 1/3 Nb 2/3 ) 0.7 Ti 0.3 O 3 (PMNT) thin films were prepared by sping coating using a PbO cover coat technique, and investigated by X-ray diffraction (XRD), auger electron spectroscopy (AES), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The phase development of the PMNT film was significantly affected by the final annealing time. A perovskite PMNT film was obtained after annealing at 850
Introduction
Ferroelectric oxide thin films have attracted great interest in recent years because of their potential applications in numerous electro-optic, pyroelectric, surface acoustic wave, microelectromechanical and nonvolatile memory devices. [1] [2] [3] [4] [5] Much of the effort has focused on the thin film growth of lead-based perovskite ferroelectrics, such as PbTiO 3 3 (PMNT) has attracted the most attention because of the excellent dielectric and electromechanical properties which have been reported in bulk ceramics with an equivalent composition. 7) However, the electrical properties of PMNT thin films are much lower than those of bulk ceramics, the reason for which remains uncertain, and research on this issue is still in the developmental stage.
Several techniques, such as sol-gel, RF sputtering, pulsed laser deposition (PLD) and chemical vapor deposition (CVD) have been used to grow PMNT thin films. [8] [9] [10] [11] The sol-gel process offers simple and low-cost processing, and potentially is compatible with other device processing steps, due to the easy preparation of uniform layers over a large area, which is then suitable for mass production by spin-coating. PMNT is stable in many different phases, but particularly in the perovskite form, its ferroelectric, dielectric and piezoelectric properties show excellent values which hold out hope for promising applications. 12, 13) However, due to the relatively high post-annealing temperature used in the sol-gel procedure, secondary pyrochlore phase tends to be formed which reduce the electrical properties of PMNT films. Therefore, the microstructure of the crystalline phase in the PMNT thin film is assumed to depend both upon the process and temperature, as well as on the duration of the post-deposition annealing in the sol-gel method. In order to clarify this point and to obtain a more detailed insight into the conditions of formation of high-quality PMNT films, it is necessary to add new steps to the fabrication process, as well as examine the microstructure * E-mail address: hqfan3@yahoo.com Present address: School of Materials Science and Engineering, Northwestern Polytechnical University, Xi'an 710072, China.
of the crystalline phases carefully. 14) In this study, sol-gel derived PMNT thin films were deposited onto Pt/Ti/SiO 2 /Si substrates using a PbO cover coat technique. The crystalline phases in the films were investigated using X-ray diffraction (XRD) analysis. The microstructures of the films were studied by scanning electron microscopy and transmission electron microscopy. The chemical compositions of the films were examined using an auger electron microprobe. The frequency and temperature dependencies of the dielectric constant, and the dielectric loss, of the perovskite PMNT films were measured, and discussed along with the development of microstructures.
Experimental Procedure
The process of fabricating PMNT thin films using the PbO cover coat technique is illustrated in Fig. 1 • C on a hot plate between each deposition, in order to first remove the solvent and to decompose the compounds into an amorphous inorganic film. After the 3 layer depositions of the PMNT precursor solution, an additional PbO precursor solution (0.4 M) was deposited, to suppress the formation of a pyrochlore phase on the surface, resulting from lead loss by evaporation during annealing. After spin coating the PbO solution, the substrate was dried at 150
• C. The final annealing was carried out in a rapid thermal furnace at 850
• C for different time periods, in order to study crystallization behavior and phase development.
The morphology and thickness of the PMNT films were observed by field-emission scanning electron microscopy (FE-SEM; JSM-6330F, JEOL, Tokyo, Japan). The domain structure of the PMNT films was investigated using crosssection specimens by transmission electron microscopy (TEM; CM-20, PHILIPS, Netherlands), and the grain boundaries and the interface with Pt bottom electrodes were examined at the atomic level by high-resolution transmission electron microscopy (HRTEM; JEM-3000F, JEOL, Tokyo, Japan), operated at 300 kV with a point-to-point resolution of 0.17 nm. The crystal structure of the PMNT thin film was analyzed by XRD (MXP18A-HF, MAC Science, Tokyo, Japan) using CuKα radiation and a graphite monochromator with a 2θ range extending from 20 to 60
• . A step scan with a step size of 0.02 and a counting time of 1 s/step was used. For the electrical measurements, platinum dots of 1 mm diameter were sputtered onto the film to be used as top electrodes. The dielectric behavior of the films was studied by measuring the capacitance and loss angle tangent. Measurements were carried out over a frequency range of 1 kHz to 1 MHz using an impendence analyzer (HP4194A, Hewlett-Packard, Palo Alto, USA). Continuous heating and cooling were performed at a low rate (< 0.5
• C/min.) over the temperature range of 20 to 200
• C. The polarization-electric field (P-E) hysteresis loops were observed using a standardized ferroelectric test system (TF Analyzer 2000, AixACT Technologies, Aachen, Germany).
Results and Discussion

Perovskite phase evolution
The PMNT film fabrication process parameters were optimized experimentally to obtain films with a pure perovskite phase. In particular, perovskite phase development was found to be highly dependent on the final-annealing holding time. Figure 2 shows the XRD patterns of PMNT thin films annealed at 850
• C for different time periods. When the holding time was shorter than 1 min, a randomly oriented PMNT thin film with a pure perovskite structure was obtained, as shown in Figs. 2(a) and 2(b), although the Pt bottom electrode layer had a strong (111) texture. However, when the holding time was increased, the presence of the pyrochlore phase was observed in the XRD pattern (Fig. 2(c) ). Figure 3 contains the SEM micrographs showing a planview of these PMNT films. For the specimen annealed for 1 min, the micrograph reveals uniformly distributed perovskite grains without any second phase (Fig. 3(a) ). Whereas for the specimen annealed for 5 min, small grains of pyrochlore phase, previously detected by XRD, were clearly observed, as shown in Fig. 3(b) . Formation of small pyrochlore grains is frequently observed as a second phase in the fabrication of lead-based perovskite ferroelectrics. In most cases, those pyrochlore phases are formed as a result of lead deficiency or lead loss during thermal annealing. Since the high interaction of Pb 2+ with B-site Nb 5+ tends to form pyrochlore phases under the relatively higher post-annealing temperatures (∼ 850
• C), 12 ) the balancing of the kinetic competition in PMNT thin films was influenced more strongly than the case of PT and PZT thin films. Therefore, the elimination of pyrochlore phase and the microstructure of PMNT thin films are influenced by not only the excessive lead in the precursor solution but also the coating process. When there is sufficient PbO, perovskite grains nucleated and grew inside the films through a partial liquid phase process at higher temperature (∼ 850
• C). Contrary, during thermal annealing, if there is not enough PbO inside or surface of the film due to the PbO evaporation while time > 1 min, secondary pyrochlore phases are formed from the perovskite phases, which is metastable in a lead deficient condition.
The composition depth profile of the perovskite PMNT film was also qualitatively examined using auger electron spectroscopy (AES), by measuring the change in secondary ion intensity of the respective elements, as a function of sputter etching time. The results are shown in Fig. 4 . From the intensity profile along the depth for each element, it is clear that a very uniform PMNT film was deposited on the Pt bottom electrode.
TEM observations of microstructure
To deeply investigate the microstructure, FE-SEM and TEM observations were performed for the cross-sectional PMNT films annealed for 1 min. Further confirmation of the pure phase of the specimen was obtained from the SEM micrograph in Fig. 5(a) , which show typical perovskite grains similar to that observed in bulk ceramics, except for the small gain size in the film with 150 nm thickness. All the grains are arranged in polyhedral shapes and have an average size of about 80 nm in diameter. Figure 5(b) shows the bright-field TEM micrograph of the PMNT film. The insert figure of Fig.  5(b) shows the selected area electron diffraction (SAED) pattern of the PMNT film. The SAED pattern shows superlattice reflections (indicated by arrows), which are characteristic of bulk relaxor-based ferroelectric ceramics. This pattern suggests the existence of a nano-polar microregion, in which the captions of the B-site sublattice have a 1 : 1 ordered structure within the disordered matrix. 15) On the other hand, ferroelectric domains can also be seen, when closely checking the grains near the bottom Pt electrode in the PMNT films. Figure 6 shows the HRTEM image of the PMNT films. The zigzag boundary is clearly visible in the image, as indicated by lines between two grains, and some domain walls are observed, as shown in Fig. 6(a) . A mismatch between the PMNT film and the Pt bottom electrode is also clearly observed in Fig. 6(b) . Interestingly, lots of impurities/vacancies were distributed throughout the PMNT grains near the interface. These defects, which correspond to preferred localizations, in the form of chains and clusters, are deemed to serve as the pining center for the self-coarsening of the nano-polar microregion, which explains why the ferroelectric domains were degenerated in these PMNT films.
Electrical properties
The dependencies of the dielectric properties of the perovskite PMNT film with a thickness of 150 nm, on frequency and temperature, are shown in Fig. 7 . The relaxor-like behavior of the film is evident. The film exhibits a diffused phase transition as well as frequency dispersion near the maxima permittivity temperature (T m ), and a deviation from the CurieWeiss law above T m . However, the maximum permittivity of the film (1400) is very low compared to that of the bulk ceramic body (30000) prepared from the same precursor solution. Previous investigations regarding the influence of film thickness and excess lead contamination on PMNT films indicate that these factors do not significantly change the electrical properties of the PMNT films. 10, 16) Even after eliminating the excess lead and changing the thickness of the films, the best values reported so far for the electrical properties are still relatively low compared with those of the bulk specimens. Therefore, we believe that this self-coarsening of the ferroelectric domains in PMNT, proceeding from the nano-polar microregion along a preferred orientation, shown in Fig. 5(b) , is also one of the main reasons for the observed reduction in dielectric properties.
The dependence of the polarization behavior on the electric field, in the case of the perovskite PMNT film with a thickness of 150 nm, is shown in Fig. 8 . A slim hysteresis loop was observed confirming the relaxor-like behavior. The large field-induced polarization and small remnant polarization and coercive field are all typical characteristics of relaxor ferroelectrics. The P-E curve is slightly asymmetric about the zero bias axis, which suggests that either the films contain movable ions or that charges accumulate at the interface between the film and the electrode, directly observed from HRTM in Fig. 6 .
Conclusion
A randomly oriented PMNT thin film was grown on Pt/Ti/SiO 2 /Si substrates. It was found that processing with rapid thermal annealing at 850
• C for 1 min. and PbO uplayer coating led to the formation of the desired perovskite microstructure with no pyrochlore content. Measurements of dielectric and ferroelectric properties have shown that PMNT thin films exhibit relaxor-like behavior, arising from the 1 : 1 superlattice, similar to that observed in PMN relaxor bulk ceramics and single crystals. In our study, ferroelectric domains were formed due to self-coarsening of the nano-polar microregion, along a preferred orientation, resulting from the extensive defects in the PMNT thin film. This may lead to the suppression of the maximum dielectric permittivity in the Curie temperature range.
